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Table 1. Radio PN Candidates in the SMC and LMC. ⋆ in the Col. 1 indicates that PN is observed with the ATCA high resolution mode at 6/3 cm. The positions given in Cols. 2
and 3 are from the detection at highest radio frequency. The error in flux densities at all frequencies (Cols. 4-8) are flux dependent and they are <10% (Filipovic´ et al., in prep). Optical
fluxes (Col. 11) are taken from Reid & Parker (2009, in prep.). Optical diameter (Col. 12) is taken from Shaw et al. (2006) except for SMP L25 and L33.
ATCA Radio R.A. Decl. S843MHz S1.4GHz S2.37GHz S4.8GHz S8.64GHz α±∆α MIR/ Hα Flux Optical D Optical
a
Source Name (J2000.0) (J2000.0) (mJy) (mJy) (mJy) (mJy) (mJy) S1.4GHz (10
−13 ergs cm−2 s−1) (′′) PN Name
SMCPN J004336-730227 00 43 36.54 –73 02 27.1 5.9 5.1 5.0 4.4 3.1 −0.3±0.2 3 — ? JD 04
SMCPN J004836-725802⋆ 00 48 36.58 –72 58 02.0 — 1.9 2.0 2.6 2.4 +0.1±0.2 25 — ? SMP S11
SMCPN J005156-712442 00 51 55.20 –71 24 42.5 — 1.4 <1.2 1.5 <1.2 +0.1±0.4 7 — ? SMP S17
SMCPN J005842-722716⋆ 00 58 42.89 –72 27 16.5 2.0 2.3 3.5 4.1 4.2 +0.4±0.2 22 — ? N S68
LMCPN J045013-693352 04 50 13.28 –69 33 52.7 <1.5 <1 — <1.5 2.2 — 22 — ? SMP L8
LMCPN J050624-690320 05 06 24.22 –69 03 20.1 <1.5 1.8 — 2.1 2.4 +0.2±0.3 11 12.43 0.44×0.40 SMP L25
LMCPN J051009-682955 05 10 09.38 –68 29 55.1 <1.5 <1 — <1.5 1.8 — 9 5.563 0.69×0.53 SMP L33
LMCPN J051142-683459 05 11 42.11 –68 34 59.1 <1.5 2.3 — <1.5 <1.5 — 3 1.940 0.60×0.55 SMP L39
LMCPN J051954-693104⋆ 05 19 54.51 –69 31 04.5 2.3 2.2 — 2.1 2.3 0.0±0.2 10 8.635 0.45×0.32 SMP L47
LMCPN J052009-695339⋆ 05 20 09.62 –69 53 39.4 <1.5 1.6 — 1.5 <1 –0.1±0.4 11 9.428 0.40×0.35 SMP L48
LMCPN J052455-713255 05 24 55.31 –71 32 55.0 <1.5 2.5 — 2.1 1.8 –0.2±0.2 3 14.82 0.59×0.41 SMP L62
LMCPN J053329-715227 05 33 29.09 –71 52 27.2 4.0 3.0 — <1.5 <1.5 –0.6±0.4 — — 0.79×0.63 SMP L74
LMCPN J053620-671807⋆ 05 36 20.69 –67 18 07.9 2.4 1.6 — 0.9 0.7 –0.5±0.2 1 5.375 3.98×3.63 SMP L83
LMCPN J053653-715339 05 36 53.46 –71 53 39.3 <1.5 1.6 — <1.5 <1.5 — 2 — 0.57×0.48 SMP L84
LMCPN J054237-700930 05 42 37.17 –70 09 30.4 <1.5 3.1 — 2.6 2.8 –0.1±0.2 9 7.201 0.51×0.45 SMP L89
aExplanation of abbreviations used: JD – Jacoby & DeMarco (2002); SMP – Sanduleak, MacConnell, & Philip (1978)
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ABSTRACT
We report the extragalactic radio-continuum detection of 15 planetary nebulae (PNe)
in the Magellanic Clouds (MCs) from recent Australia Telescope Compact Ar-
ray+Parkes mosaic surveys. These detections were supplemented by new and high
resolution radio, optical and IR observations which helped to resolve the true nature
of the objects. Four of the PNe are located in the Small Magellanic Cloud (SMC)
and 11 are located in the Large Magellanic Cloud (LMC). Based on Galactic PNe the
expected radio flux densities at the distance of the LMC/SMC are up to ∼ 2.5 mJy
and ∼2.0 mJy at 1.4 GHz, respectively. We find that one of our new radio PNe in the
SMC has a flux density of 5.1 mJy at 1.4 GHz, several times higher than expected. We
suggest that the most luminous radio PN in the SMC (NS68) may represent the upper
limit to radio peak luminosity because it is ∼3 times more luminous than NGC7027,
the most luminous known Galactic PN. We note that the optical diameters of these 15
MCs PNe vary from very small (∼ 0.08 pc or 0.32′′; SMP L47) to very large (∼ 1 pc
or 4′′; SMP L83). Their flux densities peak at different frequencies, suggesting that
they may be in different stages of evolution. We briefly discuss mechanisms that may
explain their unusually high radio-continuum flux densities. We argue that these de-
tections may help solve the “missing mass problem” in PNe whose central stars were
originally 1-8 M⊙. We explore the possible link between ionised halos ejected by the
central stars in their late evolution and extended radio emission. Because of their
higher than expected flux densities we tentatively call this PNe (sub)sample – “Super
PNe”.
Key words: galaxies: Magellanic Clouds — radio-continuum: galaxies — ISM: plan-
etary nebulae: general — infrared: galaxies
1 INTRODUCTION
Planetary nebulae (PNe) possess ionized, neutral, atomic,
molecular and solid states of matter in diverse regions with
different temperature, density and morphological structure.
Their physical environments range in temperature from
102 K to greater than 106 K. Although these objects ra-
diate from the X-ray to the radio, detected structures are
influenced by selection effects due to intervening dust and
gas, instrument sensitivity and distance (see the more spe-
cific discussions by Kwok (2005); Dgani & Soker (1998)).
⋆ Email: m.filipovic@uws.edu.au
Radio-continuum surveys of PNe in the Magellanic
Clouds (MCs) potentially offer a flux-limited sample that
could provide absolute physical attributes such as fluxes,
emission measures, and spectral energy distributions (SEDs)
(e.g., Zijlstra et al. (2008)). These in turn are relevant to the
major issues of PN evolution, although MC PNe provide
very limited information on morphology.
Most known PNe are weak thermal radio sources and
although morphologies of these radio objects are similar to
their optical counterparts, radio interferometric observations
allow us to image the structure of a PNe’s ionized compo-
nent. A spherically symmetric uniform density PNe has an
ionized mass, Mi, that can be expressed as:
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Mi = 282 (Dkpc)
2
F5(ne)
−1
M⊙, (1)
where Dkpc is distance (kpc), F5 is radio flux density at
5 GHz (Jy) and ne represents electron density (cm
−3)
derived from forbidden-line ratios (Kwok 2000). In cases
where the PNe distance is unknown, this equation can be
inverted to provide a crude but useful distance estimate
(Mezger & Henderson 1967, Appendix A, eq. (A.14)). For
example, adopting a 5 GHz flux density of 25 mJy and
Te = 10
4 K, gives an ionized gas mass of 0.0022×D2.5kpcM⊙.
Assuming a mean PNe ionized mass of 0.1 to 0.25 M⊙ al-
lowed Cohen et al. (2005) to estimate that the distance to
G313.3+00.3 lies between 4.6 and 6.6 kpc. However, this dis-
tance range may not be always valid as Eq. 1 may not be al-
ways applicable. For example, some PNe such as NGC 7027,
the brightest PN in the radio sky, exhibit an ionized mass of
0.057M⊙ (Beintema et al. 1996). At the other extreme, large
PNe have masses up to 0.5M⊙ or sometimes well above
1.
Therefore, we point that Eq. 1 is valid only if PN is op-
tically thin, but this will be true in the large majority of
cases.
Study of extragalactic PNe have the advantage that
their distance is known with much greater certainty than
those of Galactic PNe. Centimeter radio emission from
PNe also can be used to estimate interstellar extinc-
tion by comparing radio and optical Balmer-line fluxes
(Luo, Condon & Yin 2005). The study of radio PNe at a
known distance allows us to better understand the proper-
ties of PNe in our own Galaxy, and ultimately to refine meth-
ods of estimating their distances. We also point out that PNe
may even reflect conditions inherent in their host galaxies.
However, there is consistency in the bright end cut-off of the
PN Luminosity Function (PNLF) regardless of galaxy type
(Herrmann et al. 2008).
We present the first complete sample (Si > 1.5 mJy in
the radio-continuum of confirmed extragalactic PNe. Fur-
ther analysis depends heavily on a variety of new, high reso-
lution and time consuming observations which are underway.
2 RADIO DATA
The large majority of known Galactic PNe are weak but
detectable radio-continuum objects. Their thermal radio
emission is a useful tracer of nebular ionization. Because
centimeter-wavelength radiation is not extinguished by dust
grains, the observed emission should be a good representa-
tion of the conditions in the PNe. For these reasons, large
scale radio surveys surveys of nearby galaxies such as the
Magellanic Clouds (MCs) may serve as a perfect example
for a detection of radio-continuum PNe outside of our own
Milky Way.
In the past decade, several Australia Telescope Com-
pact Array (ATCA) moderate resolution surveys of the
MCs have been completed. Deep ATCA and Parkes radio-
continuum (Filipovic et al. 1995, 1997) and snap-shot sur-
veys of the Small Magellanic Cloud (SMC) were conducted
1 Masses up to 4M⊙ are achievable due to the interstellar medium
(ISM) sweep-up (Wareing et al. 2007) the outer shell comes to a
stand-still when about 10 times the ejected mass has been swept
up.
at 1.42, 2.37, 4.80 and 8.64 GHz by Filipovic´ et al. (2002,
2005) and Payne et al. (2004), achieving sensitivities of 1.8,
0.4, 0.8 and 0.4 mJy beam−1 respectively. The maps have
angular resolutions of 98′′, 40′′, 30′′ and 15′′ at the frequen-
cies listed above. New complete mosaics of the SMC at 4.80
and 8.64 GHz (both at sensitivities of 0.5 mJy beam−1)
have recently been completed by Dickel et al. (2009) and
Filipovic et al. (2009). Also, Mao et al. (2008) presented a
new 20-cm ATCA mosaic survey of the SMC with a res-
olution of 18′′× 11′′, which is well suited for initial PNe
detection as the PNe appear as point sources.
For the Large Magellanic Cloud (LMC), a new
moderate resolution (40′′; sensitivity ∼0.6 mJy beam−1)
ATCA+Parkes survey by Hughes et al. (2006, 2007) and
Payne et al. (2009) at 1.4 GHz (λ = 20 cm) complements
ATCA+Parkes mosaic images at 4.8 and 8.64 GHz ob-
tained by Dickel et al. (2005). For these observations, the
4.8 GHz total intensity image has a FWHM of 33′′ while
the 8.64 GHz image has a FWHM of 20′′. Both have sen-
sitivities of ∼0.5 mJy beam−1 and positional uncertainties
for all three radio-continuum maps of the LMC are less than
1′′.
In addition to the ATCA+Parkes surveys, we also
searched the 843 MHz Sydney University Molonglo Sky
Survey (SUMSS; resolution ∼45′′, sensitivity ∼2 mJy;
(Bock et al. 1999)) for sources co-incident with known cata-
logued PNe. We also searched the specific MOST (MOlonglo
Synthesis Telescope) observations of the SMC presented by
Turtle et al. (1998).
From these mosaic surveys a collection of targets was
selected for follow up observation. In several sessions since
2006 we have observed 5 of these PNe with the ATCA
(project C1604) in “snap-shot” mode at 4.8 and 8.64 GHz
achieving resolutions as high as 1′′. With this resolution, we
expect that the larger PNe, such as SMPL83, might be re-
solved, but most PNe will still appear unresolved. These 5
PNe are marked with an ⋆ in Table 1 (Column 1).
3 METHOD AND RESULTS
The radio-continuum surveys described in Section 2 were
initially searched within 2′′ of known optical PNe for co-
identifications. In the SMC, PNe lists given by Morgan
(1995, his Table 3) and Jacoby & De Marco (2002, their
Table 4), contain a total of 139 PNe. We found four ra-
dio sources (3%) that were spatially coincident with the
PNe: JD 04 (Fig. 1; left), SMP S11 (Fig. 2; left), SMP S17
(Fig. 1; right) and N S68 (Fig. 2; right). For more details
see Table 1. We refer to the PNe using the names listed in
Jacoby & De Marco (2002). Three other previously classi-
fied PNe; MA 1796, MA 1797 (Meyssonnier & Azzopardi
1993) and MG 2 (Morgan 1995) also appear to be co-
incident with the corresponding radio sources. However,
Stanghellini et al. (2003) found that these three sources are
in fact ultra-compact H ii regions and not bona fide PNe. We
also note that the radio flux densities for these three objects
are much higher than reported here for MC radio PNe. An-
other previously classified PN in the SMC known as JD26
was also detected across the range of our radio frequencies
but after close examination we re-classified this object as an
H ii region.
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Figure 1. A composite optical image (RGB = Hα, [S ii] and [O iii], respectively, all continuum-subtracted) of two SMC PNe – JD04 (left)
and SMPS17 (right) overlaid with 1.4 GHz contours from Mao et al. (2008) mosaic survey. This optical image is from the Magellanic
Cloud Emission Line Survey (MCELS) (Winkler et al. in prep.). The radio-continuum contours are from 1 mJy beam−1 in steps of
0.5 mJy beam−1. The synthesised beam of 1.4 GHz survey is 18′′×11′′. The larger optical extent of these two PNe is due to faint AGB
halos.
Figure 2. ATCA high resolution radio-continuum images of two SMC PNe – SMPS11 (left) and NS68 (right). Gray scale images are
at 4.8 GHz and overlaid contours are from 8.64 GHz observations. The radio-continuum contours from 8.64 GHz observations are at
both images from 0.5 mJy beam−1 in steps of 0.5 mJy beam−1. All images have rms noise (1 σ) in order of ∼0.1 mJy beam−1. Both
synthesised beams are circular (2/4′′) and they are displayed as a black circle in a bottom left corner.
Within the LMC, we found 11 co-identifications us-
ing optical PNe catalogues presented by Leisy et al. (1997)
and Reid & Parker (2006a,b). The catalogue by Leisy et al.
(1997) contains accurate positions and finding charts for
∼ 280 LMC PNe compiled from all major surveys prior to
1997. More recent catalogues presented by Reid & Parker
(2006a,b) identify ∼ 629 LMC PNe and PNe candidates,
classified into three groups; True (T), Likely (L), and
Possible (P). All of our 11 co-identifications are classi-
fied type “T”. We note that there are 11 other radio-
continuum sources in the LMC previously classified by
Reid & Parker (2006a) as PNe or candidates. Namely, two
sources were classified as true (RP1534 and RP105), three
as likely (RP872, RP993 and RP1541), and six as pos-
sible (RP641, RP1113, RP1495, RP1716, RP1933 and
RP2194). Reid & Parker (2009) eliminated RP1534 and
RP105 as being true PNe when the MIR data was exam-
ined. Eight of these 11 point sources have significantly higher
than expected flux densities, in the range of 10-15 mJy, at
1.4 GHz. By applying multi-frequency criteria to these 11
candidates, including the higher than expected flux density,
they were found to be compact H ii regions. We suggest that
an upper limit on radio flux density be included as a new pa-
rameter in the multi-frequency PNe selection criteria. More
details about this post-facto classification will be given be-
low and in our subsequent papers.
Finally, high resolution imaging and spectra from a re-
cent Hubble Space Telescope (HST) survey of 59 PNe in
the MCs (Shaw et al. 2006), have 10 (all in the LMC) radio
PNe matches (see Table 1, Col. 11), displaying a wide range
of morphologies. We note that our 4 PNe radio-continuum
detections in the SMC are not yet observed with the HST.
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We employed the “shift technique” in order to estimate
the possibility of false detections. We offset the positions of
known optical PNe by 30′ in each of four directions (±RA
and ±Dec) and counted the number of spurious identifica-
tions. We find only one false detection per Cloud, implying
that at most one of the cross-identification in each Cloud
that we report here occurred by chance.
Table 1 summarizes our 15 radio detections coincident
with known LMC and SMC PNe. We list ATCA radio source
name, radio positions (J2000), flux densities at 843 MHz,
1.4 GHz, 2.37 GHz, 4.8 GHz and 8.64 GHz, spectral index
(which is defined as α in Sν ∝ ν
α, where (Sν) is flux density
and (ν) is frequency) and error, flux density ratio between
Spitzer MIR at 8µm and S1.4GHz, optical flux, optical diam-
eter (arcsec) and optical name. None of these sources can be
considered radio extended, given our radio resolutions and
their expected sizes at the distance of the MCs. All 15 radio
detections are within 1′′ of the best optical positions.
3.1 Spitzer Detections and Mid-Infrared
properties
True radio detections of MC PNe are dependent on accu-
rate optical and IR identifications as PNe. For example,
Sanduleak et al. (1978) note that a faint star with strong
Hα emission can be misconstrued as a PN if its continuum
lies below the sensitivity of the detector. Ultra-compact H ii
regions have also been confused with PNe and their paper
lists examples of both in the LMC and SMC. Some of the
optical counterparts among our radio-continuum PN candi-
dates could, therefore, be confused with ultra-compact H ii
regions as shown by Stanghellini et al. (2003).
Compact H ii regions and Symbiotics constitute a ma-
jor contaminant in the search for PNe at all frequencies.
However, the mid-infrared morphologies and false colors of
H ii regions are distinct from those of PNe (Cohen et al.
2007a,b). H ii regions that are classified as compact or even
ultra-compact are associated with MIR structures such as
multiple filaments and/or haloes. Unlike PNe the MIR mor-
phology of H ii regions is highly irregular. Their false colors
(using IRAC bands 2 (4.5µm), 3 (5.8µm), 4 (8µm) as blue,
green and red, respectively) are generally white, indicative
of thermal emission by warm dust grains rather than of flu-
orescent polycyclic aromatic hydrocarbon bands or molecu-
lar hydrogen lines that cause many PNe to appear orange
or red.
We have cut out small regions of Spitzer IRAC images
around each of the catalogued PNe with potential radio de-
tections. For the LMC, these come from the enhanced prod-
ucts of the SAGE Legacy program (PID 20203) available at
the Spitzer Science Center (SSC). For the SMC we down-
loaded the SSC IRAC mosaics recently available from the
SMC SAGE Legacy program (PID 40245). Combining the
above techniques with detailed scrutiny of the optical spec-
tra (Reid & Parker 2006a) we have been able to reclassify
the brightest radio detections of PNe candidates (those with
flux densities above 10-15 mJy) in both Clouds as coming
from H ii regions rather than PNe.
Jacoby & De Marco (2002) list JD 04, SMP S11,
SMP S17 and N S68 as previously known SMC PNe in their
table 4, recovered by their “blinking” technique using im-
ages obtained with an [O iii] filter (on-band) and a nearby
continuum filter (off-band). They identified objects as PNe
if their diameters were less than 10′′ and the [O iii] on-band
image flux exceeded twice the off-band flux. We also detect
these four objects in our Spitzer images and confirm the
status for two (JD 04 and SMP S17) as bona-fide PNe. The
other two objects (SMP S11 and N S68), appear to have
somewhat larger MIR/RC ratio (see Sect. 4.2) and from the
MIR perspective each could also be an ultra-compact H ii
region or an unusual PN.
SMPL8, 25, 33, 39, 47 (Fig. 3), 48 (Fig. 4), 62, 74
(Fig. 5), 83 (Fig. 6), 84 and 89 are originally listed as LMC
PNe by Sanduleak et al. (1978) based on deep blue and
red sensitive objective-prism plates taken from the Curtis
Schmidt telescope at the Cerro Tololo Inter-American Ob-
servatory. These were originally obtained for other unrelated
programs and objects with no evidence of a continuum were
selected. Nine of these 11 were confirmed spectroscopically
by Reid & Parker (2006b), whilst the other three lie outside
their sampled field. Shaw et al. (2006) presented compre-
hensive HST high resolution (spectra and images) of 8 out
of 11 LMC radio-continuum PNe. All 15 radio-continuum
PNe detections exhibit canonical optical spectra leaving us
in no doubt that they are indeed optical PNe. These crite-
ria include the relative sizes and morphologies of nebulae in
Hα and red continuum; the contrast between nebular and
ambient Hα emission; and the presence and intensity ratios
in the optical spectrum of forbidden lines, characteristic of
PNe but not seen in H ii regions. These are the attributes
described by Reid & Parker (2006b). More than 10 of our ra-
dio detections are also confirmed as PNe from HST imaging
(Shaw et al. 2006). Also, in the meantime, two other LMC
PNe (SMPL25 and SMPL33) were observed with the HST.
Bernard-Salas et al. (2008, 2009) have presented two Spitzer
spectroscopic studies of a sample of 25 MC PNe from which
we report here radio-continuum for 4 objects (SMPL8, 62,
83 and SMPS11).
3.2 Other Radio-continuum Extragalactic PNe
and PNe Candidates
Zijlstra et al. (1994) has reported a radio [WC]-type plane-
tary nebula in the LMC named SMPL58 (Sanduleak et al.
1978) having flux densities of 0.79 and 0.84 mJy at
4.8/8.64 GHz, respectively (based on well-calibrated ATCA
June 1993 observations). We did not detect SMPL58 in any
of our LMC mosaic radio surveys as our detection limits
(3σ=1.5 mJy) are well above SMPL58 flux densities. These
two radio fluxes imply a spectral index of about 0.1±0.3.
Our non-detection of this PN highlights the difficulty
of radio observations of extragalactic PNe, even with the
most recent ATCA techniques. SMPL58 is sufficiently bright
among MC PNe that it was originally detected by IRAS
at 25 µm at a level of 220 mJy (Loup et al. 1997), with
an estimated error of ±25%. The SAGE detection of this
PN in the MIPS 24-µm band corresponds to 190±5 mJy
(Hora et al. 2008), consistent with no change in MIR emis-
sion over the intervening almost two decades. The 8.0-µm
flux densities in both SAGE epochs (3 months apart) were
37 mJy. That would imply a large MIR/RC ratio of ∼47 if
we took a flat spectrum to 1 GHz from Zijlstra et al. (1994)
average 4.8/8.65 GHz flux densities or our own measure-
ments. This rather large ratio points to more like H ii re-
c© 2009 RAS, MNRAS 000, 1–10
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Figure 3. ATCA high resolution radio-continuum image of the
LMC PNe – SMPL47. Gray scale image is at 4.8 GHz and overlaid
contours are from 8.64 GHz. The radio-continuum contours are
from 0.3 mJy beam−1 in steps of 0.2 mJy beam−1. Both images
rms noise (1 σ) are in order of ∼0.1 mJy beam−1. The synthesized
beam is circular (2′′) and it is displayed as a black circle in a
bottom left corner.
Figure 4. The MCELS image of the LMC PNe SMPL48
overlaid with the ATCA high resolution radio-continuum im-
age at 4.8 GHz. The radio-continuum contours are from
0.75 mJy beam−1 in steps of 0.25 mJy beam−1. The synthe-
sized beam of the radio image is 4′′ and the rms noise (1 σ) is
∼0.25 mJy beam−1. We note the large optical extent which is
due to the PN faint AGB halos.
gion nature than a PN. However, Bernard-Salas et al. (2009)
present the Spitzer spectrum, and conclude that the dust is
carbonaceous, and thus the H ii region nature can therefore
be excluded, further highlighting the difficulty of positively
identifying PNe even given multi-wavelength data.
We also note two radio PNe detections in the Sagittar-
ius dwarf galaxy (Dudziak et al. 2000). When scaled to the
Figure 5. ATCA low resolution radio-continuum image of the
LMC PNe – SMPL74. Gray scale image is at 1.4 GHz and
overlaid contours are from 843 MHz (SUMSS) observations. The
radio-continuum contours are from 2 mJy beam−1 in steps of
0.5 mJy beam−1. The 1.4 GHz image rms noise (1 σ) is in order
of ∼0.6 mJy beam−1 and SUMSS ∼1 mJy beam−1. Our 1.4 GHz
image synthesized beam is circular (40′′) and it is displayed as a
black circle in the bottom left corner.
Figure 6. ATCA high resolution radio-continuum image of the
LMC PNe – SMPL83. Gray scale image is at 4.8 GHz and over-
laid contours (8.64 GHz) are from 0.3 mJy beam−1 in steps of
0.1 mJy beam−1. Both images rms noise (1 σ) are in order of
∼0.1 mJy beam−1. The synthesized beam is circular (4′′) and it
is displayed as a black circle in the bottom left corner.
distance of the LMC (∼1 mJy at 4.8 GHz) neither of these
PNe would be detectable in our surveys.
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4 DISCUSSION
4.1 Expected Flux Density at the distance of the
MCs
Planetary nebulae within the MCs should not have mea-
surable radio emission much above the sensitivity limits of
our present generation data. For example, scaling up the
radio fluxes from the very distant (6.6 kpc) Galactic PNe
G313.3+00.3 (Cohen et al. 2005) it would have flux densi-
ties of 0.6 and 0.4 mJy at 1.384 and 2.496 GHz at the dis-
tance of the LMC. Another example is the very luminous
Galactic PN NGC6302. If we adopt expansion distance es-
timates by Meaburn et al. (2008) of 1.17±0.14 kpc and flux
density of 3.1 Jy from Casassus et al. (2007) then this PNe
would have a 4.80-GHz flux density at the distance of the
LMC of ∼1.7 mJy and the SMC of ∼1.2 mJy. It is widely
accepted (e.g. Zijlstra 1990) that the strongest radio PNe in
the Galactic Bulge, at a distance of 8.5 kpc, show an upper
cutoff flux density of 65 mJy. Scaling this to the distance of
the LMC gives an expected flux density of 1.9 mJy and for
the SMC 1.3 mJy.
Probably the most luminous Galactic PNe at the
present is NGC7027, at a distance of 980±100 pc
(Zijlstra et al. 2008), it would have a 4.80-GHz flux den-
sity (5.6 Jy at its radio peak in 1987.34) at the distance of
the LMC of ∼2.2 mJy and the SMC of 1.5 mJy. NGC 7027
is fading, and the original peak flux will have been higher
than the current value, although by how much is uncertain.
Assuming that a PN central star has a highest likely lumi-
nosity of 2×104 L⊙ (if higher, the object would evolve too
quickly through the PN phase to be detectable), which is
about twice that of NGC 7027, suggests a peak LMC radio
flux of up to 3 mJy. A further correction factor is needed
for the stellar temperature: the radio flux of an optically
thick PN varies by up to a factor of 2 during its evolution,
caused by the changing stellar temperature (which affects
the number of ionizing photons) (Zijlstra et al. 2008). Ac-
cording to Zijlstra (2009, priv. com.), this may add another
25-50% to the peak radio flux. However, very few PNe would
be expected to show such values. Almost half of our sam-
ple presented here (7 out of 15) have similar or significantly
higher flux densities (up to 4.1 mJy of the SMC PN NS68)
at 4.8 GHz than projected values for NGC 7027. This sug-
gest that the most radio luminous PNe such as N S68 may
represent an upper (or close to upper) limit in radio peak
emission. At the present, this SMC PN (NS68) is factor of
∼3 more luminous than Galactic PN NGC7027.
In general, we have found much higher flux densities
then expected in both MCs PNe; e.g. LMCPN J054237-
700930 (SMPL89) with a 1.4-GHz value of 3.1 mJy (±10%)
and SMCPN J004336-730227 (JD 04) with 5.1 mJy at
1.4 GHz. We note that 3 out of 4 detections in the SMC
are surprisingly stronger (by up to a factor of three) than
their LMC and Galactic cousins even though the SMC is
some 10 kpc further away then the LMC. While these are
small sample statistics one could ask why is the SMC PN
sample is brighter than the LMC? Could we be missing even
more brighter LMC ones? However, the existence of the ob-
servable infrared emission for the four of the five detected
SMC PNe imply that the dust in the shell must be rela-
tively dense and close to the central star (CS) in order to
be efficiently heated. The major part of the detected radio-
continuum emission most likely originates from the dense
ionized shell (<0.1 pc) which is, at the distance of 60 kpc,
much smaller than our 8.64 GHz synthesized beam. The
radio spectrum distribution of JD 04 is fairly flat through-
out the observed radio frequency range. However, NS68,
SMPS17 and SMPS11 demonstrate a mild but distinctive
drop in the flux density toward the lower frequencies which
is very likely the effect of the increased optical depth. The
spectral index estimate for the N S68 in the λ = 13 cm range
agrees with the value predicted by the unbounded wind shell
model of 0.6 (Wright & Barlow 1975). Following the CS evo-
lutionary model of Schoenberner (1981) it can be seen that
high core mass CS are traveling through the heating part
of the HR diagram much faster than the low mass CS. The
CS with mass of 0.84 M⊙ will pass through the heating
stage almost 10 times quicker than the CS with 0.6 M⊙
(Schoenberner 1993). At the same time, number of ioniz-
ing photons (λ < 912A˚) is significantly larger for the high
mass CS (for example a 0.65 M⊙ central star will produce
almost 3 times more ionizing photons than central star with
0.6 M⊙ mass). Therefore, assuming that the SMC CS mass
distribution is shifted toward 0.65 M⊙, it is reasonable to
assume that the sudden drop in the radio-continuum flux
density and consequent gap between the bright detected ob-
jects and the sensitivity limit (see Sec. 4.3) could be caused
by the quick recombination phase when the ionizing source
is “turned off”. However, this model will also imply higher
densities (> 104) in the ionized shell and therefore charac-
teristically optically thick radio-continuum emission at the
lower frequencies.
4.2 MC PNe Properties and Selection Criteria
We estimate spectral indices for 11 of the sources shown in
Table 1 (Col. 9). Despite the rather large estimated errors,
most of our sample is within the expected (–0.3< α <+0.3)
range. These large errors are most likely due to the low flux
density levels of the associated detections. We cannot deter-
mine more accurate spectral indices without observations of
higher spatial resolution and sensitivity, but we assume that
PNe emission is predominantly thermal. However, thermal
emission also characterizes compact H ii regions. We point
out that the radio-continuum flux densities peak at different
frequencies and in most cases that the spectral index cannot
be described as a straight line. We compared corresponding
PNe Hα fluxes (Reid & Parker 2009; in prep.) with radio/IR
and found no obvious correlation. Also, our 10 radio LMC
PNe detections observed with the HST exhibit a wide range
of diameters from very small (∼ 0.08 pc or 0.32′′; SMP L47)
to very large (∼ 1 pc or 4′′; SMP L83; Fig. 6).
While one cannot classify radio sources based solely on
spectral index, we note that two of our radio-continuum PNe
(SMPL74 and SMPL83; Figs. 5 and 6) have a very steep
spectrum (α = −0.6±0.4 and α = −0.5±0.2) implying non-
thermal emission although the error in the index is large.
We point out that Pen˜a et al. (2004) report on large vari-
ability in the optical star in SMPL83, which may be respon-
sible for the steeper spectral index. Similarly steep spectral
indices may originate from SNRs and background sources
such as AGNs and/or quasars. We exclude these possibili-
ties as they would have very different characteristics at other
frequencies such as X-ray and optical. Also, these may ex-
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hibit similar physical process as the Galactic PN associated
with V1018 Sco and GK Per with spectral index of –0.8.
Cohen et al. (2006) attributed this rather steep spectrum to
the collision between the fast and slow winds in this nebula
and neither is normally classified as PN.
Nor is the ratio of MIR to radio flux densities, MIR/RC,
uniquely diagnostic for individual objects. The MIR/RC ra-
tios for the MCs are based on MIR flux densities at 8.0µm
and radio-continuum values at 1.4 GHz. These are given in
Table 1 (Col. 10). If there are data, but not at 1.4 GHz,
then we assume a flat radio spectrum. The median value for
137 Galactic PNe gives the MIR/RC ratio as 4±1 (Cohen
et al. 2009, in prep.). Very large values, like 50-300, suggest
optically thick radio emission regions (Cohen et al. 2007a);
diffuse H ii – 25 (Cohen et al. 2007b); ultra-compact H ii –
42 (Murphy et al. in prep). The 14 MCs MIR/RC ratios have
a median value of 9±2; consistent with the Galactic sample
(the formal difference between the median values for MC
and Galactic PNe has less than 2σ significance). An absent
ratio in Table 1 indicates no MIR detection.
Although the primary emission mechanism of PN is
thermal, Dgani & Soker (1998) presented a revised model
of the PNe emission mechanism after the discovery of an in-
ner region of non-thermal radio emission in the “born-again”
PNe, A30. They assumed that the fast wind from the central
star carries a very weak magnetic field. Interactions of the
wind with dense condensations trap magnetic field lines for
long periods and stretch them, leading to a strong magnetic
field. As the fast wind is shocked, relativistic particles form
and interact with the magnetic field to create non-thermal
emission. Nonetheless, the flux density from this mechanism
for PNe in the MCs would be exceedingly low; less than
1 µJy at the distance of the SMC.
Villaver et al. (2007) have found that the average cen-
tral star mass of a sample of 54 PNe located in the LMC is
0.65±0.07 M⊙, slightly higher than reported for those in the
Galaxy. They attributed this difference to the lower metal-
licity in the LMC (on average by half) than in our Galaxy.
This naturally raises the question: do MCs PNe evolve dif-
ferently when compared to their Galactic cousins?
Zijlstra (2004) proposed that low-metallicity stars
evolve to higher final masses. There has been no convincing
confirmation of this (see Gesicki & Zijlstra (2007) for a dis-
cussion of the accuracy of mass determinations.) However,
our results presented here suggest that this effect is present
for the brightest sources. Also, one could interpret this as
evidence for a more recent epoch of strong star formation in
the MCs, leading to an overabundance of high-mass central
star PNe.
Our radio PNe detections (Table 1) represent only ∼ 3%
of the optical PNe population of the MCs. Whatever the
emission mechanism, we are selecting only the strongest
radio-continuum emitters, possibly at a variety of differ-
ent stages of their evolution (Vukotic et al. 2009). A much
higher percentage of known Galactic PNe have radio coun-
terparts (for example, from ∼1300 PNe from Kerber et al.
(2003) ∼60% have been detected at 6 cm and ∼70% at
20 cm) (Bojicˇic´ et al., priv. comm.; Condon & Kaplan 1998;
Luo et al. 2005), presumably because they are much closer.
4.3 PN Central Star Properties
Most PNe have central-star and nebular masses of only
about 0.6 and 0.3 M⊙, respectively. Detection of white
dwarfs in open clusters suggests that the main-sequence
mass of PNe progenitors can be as high as 8 M⊙ (Kwok
1994). Our preliminary spectroscopic study contained 3 of
4 SMC and 10 of 11 LMC radio-detected PNe (Payne et al.
2008a,b) and suggests that nebular electron temperatures
are also within the expected range assuming an average den-
sity of 103 cm−3. Given the values of radio flux density at
∼ 5 GHz, we estimated that the ionized nebular mass of
these 13 MCs PNe may be 2.6 M⊙ or greater. However, for-
bidden lines are insensitive to high densities and one might
question whether the [S ii] densities should be applied to the
radio region.
This study suggests that the MC PNe detected in
the radio-continuum may represent a predicted link to the
“missing-mass” problem associated with systems possessing
a 1–8 M⊙ central star. If a high rate of mass loss continues
for an extended fraction of the Asymptotic Giant Branch
(AGB) Star’s lifetime, a significant fraction of a star’s orig-
inal mass can be accumulated in a circumstellar envelope
(CSE). If the transition from the AGB to PNe stage is short,
then such CSEs could have a significant influence on the
formation of PNe, resulting in the detection of optical AGB
haloes. The presence of these haloes has been known since
the 1930s (Duncan 1937).
We consider the notion that our ATCA observations
may be detecting the extended radio counterparts of these
AGB haloes, presumed to be composed of weakly ionized
material. However, the peak radio flux in a PN occurs while
the nebula is optically thick for ionizing radiation, meaning
only a fraction (in most cases a small fraction) of the cir-
cumstellar matter would be ionized. Once the ionized mass
increases above (>0.1 M⊙), the radio flux decreases quite
rapidly as the nebulae become optically thin. Therefore, we
conclude that haloes are very weak in the radio and can-
not be detected in the MCs with the current observations.
Although, the ionized mass will increase at a much later
stage, when the ISM interaction region merges with the PN
(Wareing et al. 2007), at this time the expected radio flux
will be very low indeed.
While most of the MCs SNRs flux densities are
much higher then these 15 PNe (see Bojicˇic´ et al. 2007;
Crawford et al. 2008a,b; Filipovic´ et al. 2008, for a small
sample of MC SNR flux densities), they are still bit more
luminous then their galactic counterparts “prompting” us to
call these sources Super PNe or mini-SNRs. While obvious
differences remain between the two classes, the physical pro-
cesses within these two groups (PNe vs SNRs) are perhaps
not too dissimilar, if one takes into consideration the fact
that older SNRs shock fronts are isothermal in nature.
5 CONCLUSION AND FUTURE
OBSERVATIONS
We present the first 15 extragalactic radio PNe – all in
the MCs. At least 10 of these candidates can currently
be positively identified as a PN via high-resolution optical
(HST) imaging. All 15 radio-continuum objects examined
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here, exhibit typical PN characteristics ie. canonical optical
spectra and MIR properties leaving us no doubt that they
are bone fide. Assuming they are radio PNe, their higher
than expected flux densities at lower frequencies are most
likely related either to environmental factors, and/or selec-
tion effects. We tentatively call this PNe (sub)sample “Super
PNe”.
We are presently conducting high resolution (∼ 1′′)
ATCA observations of all these 15 PNe candidates using
a variety of frequencies and arrays. We also plan further op-
tical confirmations of these PNe using high resolution [O iii]
images from the HST.
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